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ABSTRACT
The 2020 ASCE infrastructure report card has assigned a letter grade of D- for bridges in
Mississippi based on poor to fair condition ratings with many approaching the end of their useful
service lives. Bridges in northern Mississippi lie up to 100 miles from the New Madrid Fault and
fall into the Region 3 Seismic Performance Category defined by AASHTO. The primary
objective of this study is to evaluate the performance of commercially available bridge bearings
on a common bridge pier type used in northern MS under the combined action of superstructure
gravity and lateral seismic loads. The use of bearings as seismic isolation devices to limit the
inelastic deformations in bridge substructures is a common practice in high seismic regions
(Region 4) but their benefits in moderate ones (Region 3) have not been fully explored in MS.
Analytical formulations under lateral load at the bearing levels are first used in the study to
characterize modal characteristics and response of the bearing/pier subsystem idealized as a
2DOF oscillator. Effective linear properties of the bearing/pier system defined based on
AASHTO provisions are used to determine expected overall behavior.
Non-linear pushover analysis is then performed of an existing two-column pier recently
designed to satisfy AASHTO criteria. The pier is modeled as a frame using beam and link
elements available in a commercial finite element software (SAP2000). The analysis is used to
capture the plastic hinge formation sequence, damage limit states in potential hinge locations,
and the overall frame response up to the formation of a collapse mechanism. Lastly, non-linear
time history analysis is performed using the software to obtain lateral deck/pier displacement
histories in the transverse direction. The effectiveness of two common isolation bearings
ii

(laminated rubber and disc type) in isolating the pier from the deck motion and reducing the base
shear is then demonstrated.
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CHAPTER I
INTRODUCTION
1.1.Background, Motivation, and Objectives
There has been an extensive study on bridge bearings; their performance as the load
transferring mechanism and the seismic isolation devices. The early studies on bearings were
experimental investigations leading to numerical analysis and finite element analysis (FEA) in
recent years. The modern progress in computational power has enhanced the simulation-driven
contemporary research on bridge bearings. The primary objective of this study is to simplify the
simulation procedure to evaluate the performance of commercially used bridge bearings under
the superstructure loads and the seismic loads. The results from the simplified model can be
validated with an example from the literature. The simplified model not only expedites the
simulation but also yields and checks the critical displacement-based parameters in the dead load
and seismic load transfer mechanism from the superstructure to the substructure.
The field investigation after the 2011 Great East Japan Earthquake identified the damage
of bearings as the causes of the most bridge failures, second only after the subsidence of backfill
soil of abutments as the bridges were also hit by the Tsunami. The excessive movement of
bearings and the breakage of side blocks of steel bearings were seen often in the damage scene.
The advantage of the elastomeric bearing as compared to conventional steel bearings is due to its
relatively greater cross-sectional area which supports the girder even after losing the lateral
resisting capacity (Takahashi, 2012).
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1.1.1. Seismic Vulnerability of Bridges in Mississippi
The infrastructure report card published by ASCE in 2020 has assigned a letter grade of
D- for the bridges in Mississippi established on their poor to fair conditions; many of which are
approaching the end of their life service. A strong risk of failure is accessed based on the
deteriorated condition and reduced capacity. According to the Federal Highway Agency
(FHWA) report, there are a total of 17,071 bridges in Mississippi in 2018. About 9% (1603) of
these bridges are in poor condition and 28% (4757) of those are in fair conditions. (Black et al.,
2021) The spatial map of all the major bridges in Mississippi is shown in Figure 1.

Figure 1: Major Bridges in Mississippi
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The northern Mississippi is not more than 100 miles away from the New Madrid Fault
Line. The New Madrid Seismic Zone is defined as Region 3 for the seismic loading and seismic
design purpose by AASHTO. The AASHTO LRFD Bridge Design Specification recommends
the earthquake ground motions that have a 7% probability of exceedance in 75 years at a period
of 1.0-second(AASHTO, 2010). The USGS Seismic Hazard Map (2014) shown in Figure 2
provides the color contour of the horizontal peak ground acceleration (PGA) values for 0.2- and
1.0-second periods with probabilities of excedence of 10% in 50 years and 2% in 50 years.
The use of the USGS Seismic Hazard Map is a relevant and conservative approach for
design against Maximum Considered Earthquake (MCER) ground motions when compared to the
ASSHTO recommendation. A simulated M7.7 earthquake using the software made available by
the United States Geological Survey (USGS) that generates peak ground acceleration (PGA)
value has been previously used for the study of “Seismic vulnerability of critical bridges in North
Mississippi” (Mullen, 2011). The Little Tallahatchie River Bridge (Lat. 34°32′ 31" Long.

89°29′ 67") lies within the New Madrid Seismic Zone. Therefore the color contour map for the
multi-state region defined around the New Madrid Seismic Zone for use in the state of

emergency management plans has been used to interpolate PGA values. The time history
function from the aforementioned study has been scaled using USGS guidelines and the Seismo
Signal tool generates the time history function applicable at the site of Little Tallahatchie River
Bridge. The Seismic Design Maps tool developed by the Structural Engineers Association of
California (SEAOC) is first verified and utilized to obtain all the seismic design parameters
including site factors and response coefficients based on the ASCE7-16 design standard.

3

Figure 3: Major Roads and Bridges in North
MS

Figure 2: PGA (%g) contour map for North
MS
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1.2.Literature Review
Steel-concrete composite structures are widely used in a variety of structural systems,
from buildings to bridges. A numerical model to simulate the non-linear behavior of composite
structures under vertical load, and horizontal earthquake action uses the suitable material
constitutive models. This experimentally and numerically validated model captures the
interaction between the reinforcement steel and the concrete in circular CFST analogous to the
circular concrete pier in bridges. (Qiang et al., 2018)
A parametric study emphasized the performance of bearing in a typically isolated bridge
under seismic loading outlines a three-dimensional finite element model (FEM) where the piers
are modeled by linear elastic frame elements with cracked effective stiffness properties. The
effective cracked stiffness is 50% of the gross stiffness and it is described in the model by
reducing the second moment of area of the transverse pier section. (Tubaldi et al., 2016)
An equivalent SDOF system for the pier to evaluate the structural behavior can be
modeled as a cantilever having a distributed mass along with the height and lumped mass,
equivalent to the mass of the pier cap and the deck, at the top. The application point of the mass
depends on the direction of analysis (transverse or longitudinal). The analysis can be simplified
by neglecting the interaction between the superstructure, and the foundation with an assumption
that the pier is fully restrained at the base. (Raffaele et al., 2014)
The period of vibration is longer in a transverse direction because the rigidity of the
superstructure is much smaller in the transverse direction than longitudinal direction. In a
SAP2000 model of the bridge structure, the piers can be modeled using 3D frame elements with
mass lumped at discrete points, and elastomeric bearings using elastic link elements. The first
phase in the study of the seismic response of a bridge is the evaluation of its dynamic
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characteristics under free vibrations followed by the linear time history analysis including the
elastomeric bearings. (Ghosh et al., 2011)
Seismic isolation is based on the principle of decoupling the motion of the ground from
the structure by the application of a horizontal disconnection between a fixed substructure and a
superstructure; allowing the transfer of vertical load through isolation bearing with high vertical
stiffness. The natural period of the structure and the damping capacity required to reduce the
seismic effects on the superstructure are computed for the design of the isolation system;
followed by the evaluation of the dynamic behavior of the whole structure. The goal of the
seismic isolation is to reduce the shear forces and to limit the seismic displacements using the
isolators with high damping, low horizontal stiffness, and hysteretic cycle with high energy
dissipation. The commonly used isolators exhibit the non-linear behavior making their effective
secant horizontal stiffness a function of displacement. In an initial or a retrofitting seismic
isolation design, the most efficient design approach would be through the simplified singledegree-of-freedom (SDOF) model. The SDOF model offers flexibility and the possibility to
manage the main parameters. (Lo Monte et al., 2018)
An isolated bridge system can be treated as SDOF if the displacements are checked
within a prescribed magnitude. This SDOF consideration for the preliminary design of seismic
isolation requires the computation of the key parameters such as loadings and dynamics of
structures. The foremost step is the calculation of the weight (the permanent dead load) of the
bridge per unit length according to the code provisions. The selection of type and number per
support of bearings used as seismic isolation device based on its cross-section, total height and
shear modulus of elastomer is a sequential task. The subsequent steps are calculations of the total
effective stiffness of the isolated system, the effective period of the bridge (using the total mass),
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and the seismic displacement of the deck in the direction of seismic excitation. The knowledgebased decision-making system for the design of seismically isolated bridges extracts the user
input relevant data: bearings, bridge structure, and seismic hazard. The database compiled based
on the available literature and experimentally tested elastomeric bearings is the reference for the
bearings’ properties like shear stiffness, shape, rubber and steel plate thickness, height and width,
overall dimensions, and area. The bridge structure system is characterized by the total length,
length of middle and central span, the mass per unit length, and the initial configuration of the
bearings based on the preliminary design. The design seismic acceleration, soil type, and the
importance factor of the bridge are the parameter that designates the seismic hazard. This
analysis is based on the assumption that the rigid deck model has a mass of piers less than 20%
of the total mass of the system. The analysis is also limited to the bridges that are straight or have
small curvature in the plan, small longitudinal inclination, and have bearings with effective
damping not larger than 6%. (George C. Manos et al., 2012)
The experimental investigation of elastomeric bridge bearings, designed for thermal
expansion, under seismic loadings conditions shows that they perform beyond the 50% limit
proposed by current design guidelines for non-seismic conditions. The experimental results
demonstrate that the shear strain at the failure exceeds 400% while the allowable shear strain by
AASHTO is only 50%, making the provisions excessively conservative. The formula 𝐾𝐾𝐻𝐻 =

𝐺𝐺𝐺𝐺
𝑡𝑡𝑟𝑟

is

used to calculate the horizontal stiffness of bonded bearings where G is the shear modulus, A is
the plan area of the bearing, and 𝑡𝑡𝑟𝑟 is the total thickness of the rubber. (Konstantinidis et al.,
2009)

The value of the effective damping ratio �𝜉𝜉𝑒𝑒𝑒𝑒𝑒𝑒 � for low damping bearings is less than 6%

and that for high damping bearings is between 10% and 20%.(Naeim & Kelly, 1999)
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The isolation system allows the decoupling of the superstructure motion from the piers motion
during seismic events. It decreases the inertial forces, the energy is dissipated in the isolators,
and thus acceleration transmitted to the superstructure is reduced. The experimental study
demonstrates that the increment in the compressive stress level decreases effective shear stiffness
decreases but increases the effective damping ratio value. (G. C. Manos et al., 2007)
The horizontal shear stiffness of an elastomeric bearing depends on the total thickness of
the rubber, and the larger vertical shear stiffness depends on the close spacing of the intermediate
shim plates. The vertical stiffness of elastomeric bearings at a given lateral displacement can be
empirically derived using the two-spring model proposed by Koh and Kelly (1987).

Figure 4: Two-spring model in undeformed and deformed configurations
The two-spring model for predicting vertical stiffness of elastomeric bearings developed
by Koh and Kelly (1987) in the undeformed and deformed configuration is shown in Figure 4.
The model has a total height of (ℎ) supported by two friction-less rollers, and a rigid tee
supported by a pin. The two springs in the system are: linear spring with the stiffness (𝐾𝐾𝐻𝐻 ) and
the rotational spring with the stiffness (𝐾𝐾𝜃𝜃 ). The effects of lateral load (𝐹𝐹) and the axial load

(𝑃𝑃) are the lateral displacements at the top (𝛥𝛥), rotation about the pin (𝜃𝜃), reduction in height
(𝛿𝛿𝑣𝑣 ), and deformation of linear spring (𝑠𝑠). The initial vertical deformation under axial load as
8

well as the reduction in height due to combined axial load and lateral deformation contribute to
the total vertical displacement.
The relations between the local deformations (𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎 𝜃𝜃) and the global deformation

(Δ 𝑎𝑎𝑎𝑎𝑎𝑎 𝛿𝛿𝑣𝑣 ) based on the compatibility and the geometry are defined by Equation 1.2.1 and
Equation 1.2.2.

𝛥𝛥 = 𝑠𝑠 + ℎ𝜃𝜃

𝛿𝛿𝑣𝑣 = 𝑠𝑠𝑠𝑠 +

ℎ𝜃𝜃 2
2

Equation 1.2.1
Equation 1.2.2

The vertical stiffness (𝐾𝐾𝑣𝑣 ) incorporates the integration of the vertical displacement and

the mechanical properties (Shear modulus G, and Compression modulus𝐸𝐸𝑐𝑐 ) of an elastomeric
bearing subjected to combined lateral and vertical loading.

The normalized vertical stiffness (𝐾𝐾𝑣𝑣 /𝐾𝐾𝑣𝑣𝑣𝑣 ) depends on the lateral displacement and the

radius (𝑅𝑅) of the bearing as shown in Equation 1.2.3.
𝐾𝐾𝑣𝑣
=
𝐾𝐾𝑣𝑣𝑣𝑣

�1 +

1

12 Δ 2
� � �
𝜋𝜋 2 𝑅𝑅

Equation 1.2.3

The normalized form can be simplified to the expression shown in Equation 1.2.4 using
the concept based on a column with a reduced area where 𝐴𝐴𝑟𝑟 is the overlapping area, and 𝐴𝐴𝑏𝑏 is

the bonded rubber area.

𝐾𝐾𝑣𝑣
𝐴𝐴𝑟𝑟
=� �
𝐾𝐾𝑣𝑣𝑣𝑣
𝐴𝐴𝑏𝑏
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Equation 1.2.4

The normalized form can be defined as a linear function assuming that the vertical
stiffness decreases linearly with increasing lateral displacement up to Δ = 2𝑅𝑅 and then remains
constant as shown in Equation 1.2.5.

Δ
𝐾𝐾𝑣𝑣
1 − 0.4 � � 𝑓𝑓𝑓𝑓𝑓𝑓 Δ\𝑅𝑅 ≤ 2
=�
𝑅𝑅
𝐾𝐾𝑣𝑣𝑣𝑣
0.2
𝑓𝑓𝑓𝑓𝑓𝑓 Δ\𝑅𝑅 > 2

Equation 1.2.5

The empirical formulation and the experimental validation for the influence of lateral
displacement on the vertical stiffness of elastomeric bearing conclude that the vertical stiffness
of the low damping rubber (LDR) bearing decreased with increasing lateral displacement. (Warn
et al., 2007)
A mechanical model, aiming to improvise the two-spring model by incorporating the
effects of varying vertical load on a bearing under seismic loading, comprises shear and axial
springs, and two series of axial springs at the top and bottom boundaries. The comparison of
results with the experimental and the simulation output validates that this mechanical can
successfully predict a variety of complex bearing force-displacement relationships under a wide
range of vertical load conditions. This model also simplifies the nonlinear time-history analysis
of isolated structures where the vertical loads are expected to vary due to overturning forces
during seismic loads. (Yamamoto et al., 2009)
The linear two-spring model is usually extended to include non-linear behavior also
representing the axial-load effects in lead-rubber bearings. The response of isolation bearings is
affected by the axial forces which are correlated with the lateral stiffness. The non-linearity can
be accounted for in the two-spring model by incorporating various constitutive models: (i)
Coupled linear model with linear shear spring, (ii) Coupled nonlinear constant strength model
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with a shear spring that shows bilinear force-deformation behavior, and (iii) Coupled nonlinear
variable-strength model with varying yield strength. (Ryan et al., 2005)
The reduction in horizontal stiffness under increasing axial load and increasing lateral
displacements causes instability in elastomeric bearings. The stability performance of bearing
involves an evaluation of the critical load capacity under combined loading. The dynamic
stability tests demonstrate that elastomeric bearings can perform well and recover from
excursions beyond the stability limit without vivid negative impacts on the structural system.
(Sanchez et al., 2013)
The new mathematical models of LDR and LR bearings considering the effects of lateral
displacement and cyclic vertical and horizontal loadings extend the study to shear and
compression. The variation of critical buckling load capacity with lateral displacement is
evaluated using the bilinear area reduction method. A bidirectional hysteretic model in horizontal
shear for the elastomeric bearing is shown in Figure 5. This mathematical model is based on the
Bouc-Wen model extended for the analysis of seismic isolators under bidirectional motion. The
basic parameters in this force vs. displacement curve comprise of initial elastic stiffness (𝐾𝐾𝑒𝑒𝑒𝑒 ),

characteristic strength (𝑄𝑄𝑑𝑑 ), yield strength (𝐹𝐹𝑌𝑌 ), yield displacement (𝑌𝑌), and post-elastic stiffness
(𝐾𝐾𝑑𝑑 ).

Figure 5: Mathematical Model in Shear
11

The force vs. displacement curve in shear is idealized in Figure 6. The guidelines and
equations from the AASHTO Guide Specifications for Seismic Isolation Design and ASCE 7-10
are used to compute the effective period (𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒 ), stiffness (𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 ), and damping (𝜉𝜉𝑒𝑒𝑒𝑒𝑒𝑒 ) of IS due to

seismic loading using the following equations where D is the horizontal displacement, and EDC
is the energy dissipated per cycle at displacement (𝐷𝐷).

Figure 6: Idealized behavior in shear
𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒 = 2𝜋𝜋�

𝑊𝑊

𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 𝑔𝑔

𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 = 𝐾𝐾𝑑𝑑 +

𝜉𝜉𝑒𝑒𝑒𝑒𝑒𝑒 =

𝑄𝑄𝑑𝑑 ≥

𝑄𝑄𝑑𝑑
𝐷𝐷

1 𝐸𝐸𝐸𝐸𝐸𝐸
�
�
2𝜋𝜋 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 𝐷𝐷2

𝜋𝜋
× 𝜉𝜉𝑒𝑒𝑒𝑒𝑒𝑒 × 𝐾𝐾𝑑𝑑 × 𝐷𝐷
2

Equation 1.2.6
Equation 1.2.7
Equation 1.2.8
Equation 1.2.9

The displacement (𝐷𝐷) estimated using simplified analysis and assumed nominal damping
(𝜉𝜉𝑒𝑒𝑒𝑒𝑒𝑒 ) between 2% and 4% are used to calculate the characteristic strength (𝑄𝑄𝑑𝑑 ) of LDR

bearing. The shear modulus (𝐺𝐺) is assumed to be a constant in most numerical models however,
its value varies with strain and axial loads. The experimental value of G incorporates the effects
of axial load, thus can be used for horizontal stiffness of LDR bearings, and post-elastic stiffness
12

of LR bearings. The effect of lateral displacement on vertical stiffness becomes significant only
after lateral strain exceeds 100%. (Kumar et al., 2014)
The polyether urethane rotational element in disk bearing provides advantages such as a
low profile, reduced plan area, excellent durability, and a wide working temperature range
(94 𝑡𝑡𝑡𝑡 250°𝐹𝐹). The rotation in the unconfined disk is accommodated by the differential

deflection of the elastomeric element. The series of experimental studies and tests on the material
properties of polyether urethane show that the material does not undergo plastic deformation
until a pressure of 20 times the AASHTO maximum allowable pressure of 5000 psi. The usage
of this element provides a huge factor of safety in vertical load transmission through a shear
restriction mechanism. (Watson, 2014)
1.3.Scope of Work
The plan and profile report published by the MDOT for the MS7 Little Tallahatchie River
Bridge is referred, to obtain the geometric and material detailing. Chapter II outlines the
procedures and provisions being used for the pier design, modeling, and analyses from AASHTO
Guide Specifications for LRFD Seismic Bridge Design, AASHTO LRFD Bridge Design
Specifications, and other relevant design guides. The spatial coordinates of the Little
Tallahatchie River Bridge, the Risk Category II, and the Site Class D are the input for the tool to
obtain the seismic design parameters. The hand calculations are performed to get the dynamic
characteristics of the 2DOF system in Chapter III. The linear elastic analysis is performed
according to AASHTO provisions for the 2DOF system. The bilinear bearing isolation
parameters are evaluated for the seismic isolation system by hand calculations. Chapter IV
presents the results of pushover analyses and the time-history analyses to evaluate the time
histories of the deck displacement and the pier cap displacement in transverse direction using
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SAP2000(CSI, 2009). These analyses have only been performed to assess the effectiveness of
seismic isolation for the force-based displacement capabilities.
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CHAPTER II
AASHTO LRFD RECOMMENDED DESIGN AND MODELING PROCEDURE
2.1. Geometry, Classification, and Function of a Pier
The superstructure of a bridge is supported by the abutments at the extremities, and by
the piers at intermediate points. The main function of a pier is to sustain and transfer the
superstructure loads including the dead loads, live loads, and lateral loads to the foundation. As
the expansion of the highway system continues, the piers are not merely constructed over a river
or such natural barriers but also in a land over grade-separated highways or underpasses to allow
the free flow of traffic. The geometry of design has to thus incorporate the aesthetic aspect on top
of the strength and the economic parameters. The most used material in the construction of piers
is reinforced concrete(Tonias & Zhao, 1995). However, timber has also been used in the
construction of piers in the older bridges. The steel piers and the prestressed concrete piers are
also sometimes used in special bridges.
The structural distinction of a pier from a simple column is based on the resistance
against lateral forces; a column resists lateral force by flexure action but a pier uses a shear
mechanism. The pier can be classified on a different basis: the connection to the superstructure
or its cross-sectional shape or framing configuration. The superstructure rests on the bridge seat
which is supported by the column(s) or the wall which in turn are connected to the pier
foundation (footings or piles or a combination of both). The selection of piers for any bridge
depends on functional, structural, and geometric requirements.
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A steel-girder superstructure is usually supported with a cantilevered pier while the CIP
concrete superstructures are supported by monolithic bents. The location of intermediate piers
dictates the framing configuration: solid wall piers are usually used in the water crossings
whereas hammerhead or column bent piers are used for overpasses or land viaducts especially in
modern highways to save space and aesthetically pleasing shapes(Chen & Duan, 2003).
Some of the frequently used types of piers based on the typical cross-sectional shapes are
shown in Figure 7(Chen & Duan, 2014):

(c) Hammerhead pier

(a) Solid Wall

(b) Column bent pier

Figure 7: Typical pier types for steel bridges
The provisions for the selection and structural design of piers are laid out in Sections 5, 6,
7, and 8 of the AASHTO LRFD Bridge Design Specification.
2.2. Loading and Design Criteria
The design loads and load combinations for a pier are specified in the AASHTO LRFD
Bridge Design Specification Section 3. The minimum requirements for loads, limit states, load
factors, and load combinations for the design of new bridges as well as the analysis of existing
bridges are covered in this section. The Load and Resistance Factor Design (LRFD) approach
accounts for the variability in the loads on structure (𝑄𝑄) and the resistance (𝑅𝑅) offered by the
structure.
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The LRFD design philosophy is consistent with other design specifications such as ACI
and AASHTO while ensuring safety in different limit states and bridge types. The different limit
states (LS) for the design consideration are Service Limit State, Strength Limit State, and
Extreme Event Limit State.
The Service II LS is related only to the steel structures to control yielding and slip of slipcritical connection due to vehicular live load. The Strength I LS is related to providing enough
strength or resistance to the basic load combination during normal vehicular use of the bridge
without wind load. The earthquake loads (EQ) are evaluated using the Extreme Event I LS. The
possibility of a major flood and an earthquake at the same time is negligible. Therefore, the
elimination of water load is acceptable. The live-load factor (𝛾𝛾𝐸𝐸𝐸𝐸 ) is determined on a project-

specific basis. The possibility of partial live-load i.e. 𝛾𝛾𝐸𝐸𝐸𝐸 < 1.0 is suggested, and 𝛾𝛾𝐸𝐸𝐸𝐸 = 0 is also

acceptable(Chen & Duan, 2014).

2.2.1. Seismic Load and Seismic Design Procedures
The AASHTO Guide Specifications for LRFD Seismic Bridge Design is applicable to
the design and construction of conventional bridges to resist the effects of horizontal motions
[A3.10.1]. The AASHTO provisions require all the bridges to be checked against seismic loads;
depending on the location of the bridge site, the seismic load may govern the design of the lateral
load resistance system. The seismic design procedure involves the six sequential steps:
1. Preliminary Design: The seismic design procedure depends on the type of bridge, the number
of spans, the height of the piers, a typical roadway cross-section, horizontal alignment, type of
foundations, and subsurface conditions. The load transfer mechanism such as the connection of
the deck to the girders, girders to the columns, presence of number and type of bearings, and
columns to the foundations also influence the seismic response of the structure.
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2. Seismic Design Parameters: The key seismic design parameters such as the peak ground
acceleration (PGA) as a percent of gravity, short-period spectral acceleration (Ss), and the onesecond spectral acceleration (S1) are determined using USGS contour maps and software tools
that use several building codes and specifications.
3. Site Coefficients: The site coefficients such as Fpga, Fa, and Fv that incorporate the
geotechnical characteristics of the site such as the soil type are determined to adjust the spectral
accelerations.
4. Operational Category: The operational category of the bridge is assigned based on the routes it
serves and the essence of its serviceability during or after a seismic event. The operational
category of a bridge might change if the bridge undergoes any deformation due to seismic
activity.
5. Seismic Performance Zone: The seismic zones are the geographical regions defined on the US
maps based on the value of the seismic design value. The greater value of acceleration or the
design value corresponds to the greater risks in the region which demands the greater seismic
performance requirements.
6. Response Modification Factors: These factors (R) are used in the elastic analysis of the bridge
system to reduce the seismic force allowing to incorporate the energy dissipation through
inelastic deformation (hinging) in the substructure.
These design steps provide the basis for determining the design forces, the design
displacement requirements, and the level of seismic analysis. Based on the seismic zone, the
geometry, and importance factor; the multiple-span bridge requires a single-mode or a
multimode spectral analysis. A time history analysis is required for the critical bridges.
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The two load cases are defined in two perpendicular horizontal directions, the
longitudinal and the transverse axes of the bridge, because of the directional uncertainty of
earthquake motions.
2.3. Structural Analysis and Modeling
The structural analysis can broadly be classified as static analysis and dynamic analysis.
The basic difference is the time-dependency of the loads being applied in the structure. A
dynamic analysis of a bridge under an earthquake incorporates time-dependent characteristics
such as peak ground acceleration (PGA), duration, and frequency content. The magnitude of the
force that the bridge and its components are subjected to depends on the intensity of the ground
motion which is represented by the PGA. The longer duration of a seismic motion imparts larger
energy to the bridge. An artificially generated time history including the magnitude, frequency,
and duration at the bridge site is usually considered for the analysis.
There are several methods for the dynamic analysis of bridges depending on the
geometry, seismic zone, structural type and material, and importance of the bridge being
analyzed. The model created for the dynamic analysis must include the relevant characteristics
such as distribution mass, stiffness, and damping of structural components(AASHTO, 2011).
The required number of natural frequencies and the reliability of the expected mode shapes are
the basis for selecting the minimum degree of freedom (DOF). A condensation procedure is
recommended to reduce the number of DOF. Generally, the number of DOF should be double
the number of frequencies required. The mass distribution in a model can be lumped mass or
consistent mass, which is a function of the system and response being evaluated; the lumped
mass model is preferred for the translational degree of freedom. The seismic analysis model
should consider the non-linear effects such as inelastic deformation and cracking which decrease
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the stiffness. The cracked section property with a moment of inertia equal to one-half that of the
uncracked section can be used while modeling the reinforced concreted columns in seismic
zones 2, 3, and 4. The energy dissipation can be represented by equivalent viscous damping that
can be neglected in the calculation of natural frequencies and associated nodal displacements.
The transient response can only be obtained considering the effects of damping; about 2% for the
concrete structures.
2.3.1. Dynamic Analysis
Single-Mode Spectral Method: This method is based on the fundamental mode of vibration
assuming that seismic load acts as an equivalent static horizontal force in either the longitudinal
or transverse direction.
Single Degree of Freedom (SDOF) System: The corresponding deformed shape of the singledegree-of-freedom (SDOF) model gives the natural period. This method is suitable for structures
having evenly distributed mass and stiffness. The damping in the SDOF dynamic model is
represented with a massless viscous damper. A simple mass-spring system is used as a reference
to develop an SDOF dynamic model for the bridge. The mass of the superstructure is the
concentrated mass, the stiffness of the column allowed to move in one direction is the spring, and
the internal energy absorption in the concrete frame acts as viscous damping in the SDOF model
of the bridge in Figure 8.
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(a) Idealized damped SDOF mass-spring
system

(b) Multiple-span bridge supported by
two-columns as SDOF structure

Figure 8: Idealization of bridge structure as SDOF model
The response of each SDOF system depends on the mass (m), stiffness (k), damping (c),
and external force (p(t)) or displacement (u).
The damping (c) is neglected to compute the natural frequency (f), and the equations of
motion are applied in the inverted oscillator like the SDOF model of the bridge shown in Figure
9.
ut
u
m

k

ug
Figure 9: Earthquake-induced motion of an SDOF bridge model (without damping)
The total displacement of the mass relative to the ground (ut) is the sum of the
displacement at the ground level (ug) and the displacement of the mass with respect to its
centerline (u).
𝑢𝑢𝑡𝑡 = 𝑢𝑢 + 𝑢𝑢𝑔𝑔

Equation 2.3.1

The natural circular frequency of the undamped mass-spring system is:
𝜔𝜔𝑛𝑛 = �

Therefore, the natural cyclic frequency is:
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𝑘𝑘
𝑚𝑚

Equation 2.3.2

𝑓𝑓𝑛𝑛 =

𝜔𝜔𝑛𝑛
1 𝑘𝑘
�
=
2𝜋𝜋 2𝜋𝜋 𝑚𝑚

Equation 2.3.3

And, the natural period of vibration is:

𝑚𝑚
𝑘𝑘

𝑇𝑇𝑛𝑛 = 2𝜋𝜋�

Equation 2.3.4

The response of the structures like the maximum displacement, moment, and shear can be
determined based on the dynamic characteristics (𝑇𝑇𝑛𝑛 𝑎𝑎𝑎𝑎𝑎𝑎 𝜔𝜔𝑛𝑛 ) of the SDOF system(Naeim,
1989).

The graphical relationship between these response parameters and the dynamic
characteristics of the system gives the response spectrum. Such a spectrum defined for an elastic
structural system is called elastic response spectrum. The bridge structure is expected to
experience inelastic behavior during the strong ground motion. Therefore, the inelastic response
spectrum is pertinent. The inelastic behavior occurs during a major earthquake when the seismic
energy experienced by the bridge is dissipated by viscous damping and yielding.
Multiple Degree of Freedom (MDOF) System: The SDOF model is not applicable for the
analysis when the complexity arises from the multi-level frame structure, several support
conditions, or the presence of bearings between superstructure and substructure. The MDOF
system is defined for the response where the structure is discretized into several lumped masses
and associated displacements. The equation of motion is similar to the SDOF system, but the
mass (m), the stiffness (k), and the damping (c) are represented with matrices(Chopra, 2017).
[𝑀𝑀]{𝑢𝑢̈ } + [𝐶𝐶]{𝑢𝑢̇ } + [𝐾𝐾]{𝑢𝑢} = −[𝑀𝑀]{𝐵𝐵}𝑢𝑢𝑔𝑔̈

Equation 2.3.5

The vector {B} is a displacement transformation vector used to define the degree of
freedom under the application of seismic load.
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The first approach to understand the response of the MDOF system with N-DOF is to
analyze the system under free vibration without damping such that [C] and 𝑢𝑢𝑔𝑔̈ are zero in
Equation 2.3.5.

[𝑀𝑀]{𝑢𝑢̈ } + [𝐾𝐾]{𝑢𝑢} = 0

Equation 2.3.6

�[𝐾𝐾] − 𝜔𝜔𝑛𝑛2 [𝑀𝑀]�{𝜙𝜙𝑛𝑛 } = 0

Equation 2.3.7

The rearrangement of the above equation and solving for the solutions gives the N natural
frequencies of the dynamic system.

Where, {𝜙𝜙𝑛𝑛 } is deflected shape matrices or eigenvectors

The eigenvectors represent only the deflected shape corresponding to the natural
frequency, the matrix is normalized to get the actual deflection magnitude.
The modal analysis equation of the MDOF system under the earthquake expressed in
terms of displacement as natural mode shapes and normalized matrices would be:
[𝑀𝑀∗ ]�𝑌𝑌̈� + [𝐶𝐶 ∗ ]�𝑌𝑌̇� + [𝐾𝐾 ∗ ]{𝑌𝑌} = −[𝜙𝜙]𝑇𝑇 [𝑀𝑀][𝐵𝐵]𝑢𝑢𝑔𝑔̈

Equation 2.3.8

The term Ln is called the modal participation factor in the nth mode. This equation when
divided by 𝑀𝑀𝑛𝑛∗ yields the generalized modal equation comparable to the SDOF system as:
𝐿𝐿𝑛𝑛
𝑌𝑌𝑛𝑛̈ + 2𝜉𝜉𝑛𝑛 𝜔𝜔𝑛𝑛 𝑌𝑌𝑛𝑛̇ + 𝜔𝜔𝑛𝑛2 𝑌𝑌𝑛𝑛 = � ∗ � 𝑢𝑢𝑔𝑔̈
𝑀𝑀𝑛𝑛

Equation 2.3.9

The solution to the above equation gives the value of Yn that can be used to calculate the
displacement in the nth mode un as:
𝑢𝑢𝑛𝑛 (𝑡𝑡) = 𝜙𝜙𝑛𝑛 𝑌𝑌𝑛𝑛 (𝑡𝑡)

Equation 2.3.10

The total displacement can be determined by the superposition of all the modal
displacements as:
𝑢𝑢(𝑡𝑡) = ∑𝜙𝜙𝑛𝑛 𝑌𝑌𝑛𝑛 (𝑡𝑡)
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Equation 2.3.11

2.3.2. Nonlinear Analysis
A bridge shows non-linear behavior during seismic loading because of many factors such
as material non-elasticity, geometric or second-order effects, non-linear soil-structure interaction
(SSI), time-dependent effects like concrete creep and shrinkage, etc. The inelastic structural
behavior of the bridge is assessed using the analysis of the non-linear bridge with appropriate
modeling. The formulation of member stiffness matrices should account for the geometric nonlinearities. The material non-linearity is accounted into the analysis based on the non-linear
stress-strain relationship for the steel structure, and compression stress-strain relationship for
concrete.
A non-linear section analysis is performed based on the assumptions that the plane
sections do not deform under bending action i.e. plane section remains plane, stress-strain curves
for concrete and steel are defined, and the bond between concrete and rebars is perfect in
reinforced concrete(AASHTO, 2011). Also, the deformations under shear and torsion are
negligible so neglected. The compatibility equations and the equilibrium equations are used for
mathematical formulations.
The non-linear frame analysis is performed as elastic-plastic hinge formation. The elasticplastic hinge analysis assumes the formation of “zero-length” plastic hinges about which the
member reaches plastic moment capacity and rotates freely.
Static Push-Over Analysis
The displacement-based seismic design approach uses displacements as the limit states
under the specified seismic loads rather than conventional forces in strength-based design. A
static non-linear push-over analysis can be used to assess the performance of a new or existing
bridge under displacement capacity. The collapse mechanism in an analytical frame model under
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incremental lateral loads is analyzed. A simplified fixed-fixed or fixed-pin column model
ignoring the foundation flexibility of pile footing for pile cap is proposed for the twodimensional pushover analysis(AASHTO, 2011). This model incorporates the effect of the
seismic load path on the column axial load.

Figure 10: Plastic hinge sequence for rigid bent cap and rigid foundation
Capacity Design Requirement
The capacity design provisions ensure that the columns undergo plastic hinging/inelastic
deformation to protect the secondary structure such as the cap beam or foundation(AASHTO,
2011). These provisions can be neglected if the seismic isolations (IS) system is used or the
ductile diaphragm is used in the transverse direction of multi-column pier bent. The overstrength
moment capacity of the reinforced concrete column resisting the seismic loads, and allowing the
formation of plastic hinges is calculated using Equation 2.3.12.

Where,

𝑀𝑀𝑝𝑝𝑝𝑝 = 𝜆𝜆𝑚𝑚𝑚𝑚 𝑀𝑀𝑝𝑝

𝑀𝑀𝑝𝑝 = plastic moment capacity of column (kip-in)

𝜆𝜆𝑚𝑚𝑚𝑚 = overstrength factor taken as 1.2 or 1.4 [Article 8.5]

Equation 2.3.12

The analytical plastic hinge length of a reinforced concrete column is calculated using the
following equation:
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𝐿𝐿𝑝𝑝 (𝑖𝑖𝑖𝑖) = 0.08𝐿𝐿 + 0.15𝑓𝑓𝑦𝑦𝑦𝑦 𝑑𝑑𝑏𝑏𝑏𝑏 ≥ 0.3𝑓𝑓𝑦𝑦𝑦𝑦 𝑑𝑑𝑏𝑏𝑏𝑏

Equation 2.3.13

L= length of the column from point of a maximum moment to
the point of moment contra flexure (in)

Where,

𝑓𝑓𝑦𝑦𝑦𝑦 = expected yield strength of longitudinal column
reinforcing steel bars (ksi)

𝑑𝑑𝑏𝑏𝑏𝑏 = nominal diameter of longitudinal column reinforcing bars
(in)

The plastic hinge region in a reinforced concrete column is however taken as the
maximum value of:
𝐿𝐿𝑝𝑝𝑟𝑟

1.5 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑡𝑡ℎ𝑒𝑒 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝐶𝐶𝐶𝐶 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
= 𝑀𝑀𝑀𝑀𝑀𝑀 �𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 > 75%𝑀𝑀𝑝𝑝
𝐿𝐿𝑝𝑝

Equation
2.3.14

Figure 11: Transverse response of a dual column pier for Capacity Design
Time History Analysis:
The modal analysis is not applicable in the nonlinear range where the bridge structure
shows non-classical damping properties. A numerical integration method called time-history
analysis that captures the response by dividing the time-scale into a finite number of small steps
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is used. The equation of motion at an ith interval of time that satisfies the response using time
history analysis is:
[𝑀𝑀]{𝑢𝑢̈𝚤𝚤 } + [𝐶𝐶]{𝑢𝑢̇𝚤𝚤 } + [𝐾𝐾]{𝑢𝑢𝑖𝑖 } = −[𝑀𝑀]{𝐵𝐵}𝑢𝑢𝑔𝑔𝑔𝑔̈

Equation 2.3.15

2.4. Influence of Bridge Bearings
Bearings are the devices that allow the load transfer from the superstructure to the
substructure and accommodate the relative movements: translations and rotations in both
longitudinal and transverse directions. The selection of bearings depends based on load and
displacement demand, site conditions, cost benefits, and geometric requirements. The main types
of bridge bearings in the market are:
1. Sliding Bearings: This bearing has sliding metal plates sometimes sandwiching a layer of
PTFE (poly-tetra-fluoro-ethylene) to accommodate the translational motions. It is
commonly used in bridges where the rotational motions are negligible, more often as a
component of other bearings.
2. Rocker and Pin Bearings: A rocker bearing is an expansion bearing facilitating the
rotations as well as translations. However, the pin bearing is a fixed bearing that allows
only rotations. These rocker and pin bearings are commonly used in steel bridges.
3. Elastomeric Bearings: These bearings have been extensively used recently as they can
accommodate both translational and rotational movements, have no moving parts thus
require low maintenance, and are economical (Konstantinidis et al., 2009). Among
different types, the steel-reinforced elastomeric bearings are manufactured by vulcanizing
elastomers to thin steel plates.
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4. Disk Bearings: In a disk bearing the vertical loads are supported by a hard elastomeric
disk made up of polyether urethane, and the horizontal movements are accommodated via
the elastomer deformations.
The elastomeric bearings and the disc bearings have been used under seismic loading
conditions. The mechanical behavior, the numerical analysis procedure, and the modeling
approaches have been extensively discussed in the literature review section. The
requirements for the design and selection of bearings are included in Section 14 of LRFD
Bridge Design Specifications. The elastomeric bearings can be modeled as elastic link
elements in SAP2000 (Ghosh et al., 2011). The usage of bearings as seismic isolation
devices to reduce the seismic forces to limit the inelastic deformations in bridge
structures has become a common practice in seismic regions. The working principle of
seismic isolation is the decoupling of the superstructure and substructure (pier) while
allowing the load to transfer vertically. This is generally ensured with high vertical
stiffness of the isolation bearings, and designed horizontal stiffness just enough to allow
the horizontal displacement (limited by an expansion joint) that prevents the hammering
of adjacent decks(Tubaldi et al., 2016).
A representation of a bridge structure simplified to analyze during the seismic
event as a 2DOF system is shown in Figure 12.
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Figure 12: 2DOF system in transverse direction
2.5. Case Study: Little Tallahatchie River Bridge
The Little Tallahatchie River Bridge has been newly constructed to replace MS SR7
Bridge located across the Tallahatchie River in Lafayette County. The total length of the bridge
is 2212.29 ft (0.419 miles). The bridge has 11 spans; supported by the abutments at the end and
10 intermediate two-column bent piers. The deck has been supported by the five 760 ft (approx.
240-300-240 ft) long continuous welded plate girder run from bent 2 to bent 5 and bent 5 to bent
8. The rest of the spans are supported by the seven 72” deep prestressed concrete bulb tee girders
each having a span length of approximately 130 ft. The clear roadway spacing is 44’ with an
extension of 1’5” on each side to support the barriers. The barriers have a base thickness of 1’5”,
a height of 2’ 8 5/16”, and top width of 10” approximately. The typical depth of the deck is

approximately 9” which varies along the length of the bridge. The intermediate bents are twocolumn supporting a pier cap, and foundation supported by the extended drilled shafts (piles with
permanent casing). The transition between columns (piers) and the drilled shafts (piles) is
supported by typical shear keys (2’6”x2’6”x4”). The dimensions of a typical pier cap are 5’ −
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6”x6’ − 9”x46’ − 0”. The columns are circular in cross-section with a diameter of 6’. The

detailed dimensions, plans, and distribution, and material properties of all the components and
elements of the bridges are shown in the calculation sheet and bridge plan layout attached in the
appendices. The geometry has been simplified according to the applicable design guides to
estimate the dead load contribution from each frame or element. These calculations and
assumptions have been shown in the appendix.
The dead load is calculated using the geometric details and the material properties of each
element. The whole 780 ft long span, extending from Pier 5 to Pier 8, has been used to calculate
the linear weight distribution of the superstructure.
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Figure 13: 780 ft long continuous welded plate girder span in a long view

Owner
Figure 14: Elevation view of the span supported by Pier 7

Pier 7 is selected that supports half of the weight from 300 ft span (between Pier 6 and 7)
and that from 240 ft span (between Pier 6 and 7). Pier 7 supports the weight from 270 ft long
span on either side as shown in the schematic plan view in Figure 15.

Figure 15: Plan View of the deck supported by Pier 7
The load is then linearly distributed in the transverse direction (A-A) as shown in Figure
16. The total load from the superstructure including the girders is 50.24 klf. The linear dead load
distribution in the pier cap is 8.64 klf and that on each column is 4.40 klf.

Figure 16: Schematic Weight distribution in transverse section (A-A) at Pier 7
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The geometric configuration and the load distribution is used to calculate the center of
masses for the superstructure (𝑚𝑚2 ) and the substructure (𝑚𝑚1 ) at height ℎ2 and ℎ1 from the base
of the columns. The effective stiffness of the pier is 𝑘𝑘1 and that of the bearings is 𝑘𝑘2 . The

damping in the pier and the bearings are 𝜉𝜉1 𝑎𝑎𝑎𝑎𝑎𝑎 𝜉𝜉2 respectively. A 2DOF system as a mass-

spring is developed using these parameters.

𝑘𝑘2

ℎ2

𝑘𝑘1

ℎ1

𝑚𝑚2
𝑚𝑚1

𝜉𝜉2
𝜉𝜉1

Figure 17: Idealization of the bridge as 2DOF system
The dead load and the 2DOF configuration are analyzed to get the dynamic properties of
the bridge. After the first analysis, the system will be analyzed under seismic excitation. The
spatial coordinates of the Little Tallahatchie River Bridge, the Risk Category II, and the Site
Class D are the input for the tool to obtain the seismic design parameters as shown in Table 1.
The peak ground acceleration (PGA) value at the site is 0.246g. The time history obtained for the
M7.7 earthquake is scaled using this value of PGA as an input in a USGS tool. The non-linear
time-history analysis is performed based on this time-history function.
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Table 1: Seismic Design Parameters for Little Tallahatchie River Bridge
Description of Parameter

Parameter Symbol

Value

MCER ground motion. (for 0.2 second period)

SS

0.456

MCER ground motion. (for 1.0s period)

S1

0.194

Site-modified spectral acceleration value

SMS

0.664

Site-modified spectral acceleration value

SM1

0.429

Numeric seismic design value at 0.2 second SA

SDS

0.443

Numeric seismic design value at 1.0 second SA

SD1

0.286

Seismic design category

SDC

D

Site amplification factor at 0.2 second

Fa

1.428

Site amplification factor at 1.0 second

Fv

2.213

MCEG peak ground acceleration

PGA

0.246

Site amplification factor at PGA

FPGA

1.354

PGAM

0.333

Site modified peak ground acceleration
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CHAPTER III
TWO DEGREE OF FREEDOM (2DOF) MODAL ANALYSIS OF TWO COLUMN PIER
3.1. Formulation and 2DOF Solution
The 2DOF model of the bridge is first analyzed without any forcing function to get the
dynamic characteristics. The mass matrix is formed based on the total mass of the superstructure
(𝑚𝑚2 ) and the substructure (𝑚𝑚1 ) lumped at the center of masses. The mass of the superstructure
based on the weight of all the components such as cross frames, lateral bracings, girders, deck,

topping, barrier, and the major reinforcement steel is 6.089 𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑠𝑠 2 /𝑖𝑖𝑖𝑖. Similarly, the weight of
the reinforcement steel and the concrete used in the pier cap and the two columns is used to

calculate the mass of the substructure, 1.518 𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑠𝑠 2 /𝑖𝑖𝑖𝑖. The weight distributions in all of the

key elements are accounted for to calculate the center of masses. The mass of the superstructure
and that of the substructure are located at heights ℎ1 = 20.74 𝑓𝑓𝑓𝑓 and ℎ2 = 35.22 𝑓𝑓𝑓𝑓 from the
base of the columns.

�

𝑚𝑚1
0

0
1.518
�=�
𝑚𝑚2
0
𝑘𝑘 + 𝑘𝑘2
� 1
−𝑘𝑘2

0
�
6.089

−𝑘𝑘2
�
𝑘𝑘2

Equation 3.1.1

Equation 3.1.2

The stiffness matrix for the 2DOF system is a 2x2 matrix that includes the stiffness of
two columns in parallel (𝑘𝑘1 ) and the stiffness of the bearing (𝑘𝑘2 ). The stiffness value in the
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matrix represents the effective stiffness accounted for the configuration and location of five
bearings in parallel that link the superstructure to the substructure.
The geometric properties and the material properties have been used to calculate the
stiffness of the bearings. These geometric properties have either been directly taken from the
MDOT report and drawings, and the material properties have been retrieved from the database
provided by the manufacturer of the bearings (R J Watson Inc.). The two types of bearings that
are being investigated for their effectiveness in this study are laminated neoprene pad (LP1) and
unidirectional fixed disc bearing (FB1). The bilinear properties of these bearings are listed in
Table 2. The total heights of the rubber in each of LP1 and FB1 bearings are 4 in and 6.25 in
respectively. The maximum horizontal displacement (𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚 ) that the bearing can undergo

without deforming in the transverse direction is accounted for the seismic movement under
extreme event limit state. The characteristic strength (𝑄𝑄𝑑𝑑 ) is based on the maximum transverse

load under the service limit state. The post elastic stiffness (𝐾𝐾𝑑𝑑 ) and the elastic stiffness (𝐾𝐾𝑢𝑢 ) are
in a ratio of 1:10 as commonly practiced (Feng & Zhang, 2020).

Table 2: Bearing Isolation Parameters

Type

𝐹𝐹𝑦𝑦

(kip)

u𝑦𝑦

(in.)

𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚

(kip)

u𝑚𝑚𝑚𝑚𝑚𝑚
(in.)

𝐾𝐾𝑢𝑢

(kip/in.)

𝐾𝐾𝑑𝑑

(kip/in.)

(kip)

LP1

43.33

0.10

262.63

5.22

428.41

42.84
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FB1

127.78

0.17

516.57

5.22

769.20

76.93

115

𝑄𝑄𝑑𝑑

The dynamic properties of the undamped 2DOF system: the natural period (𝜔𝜔𝑛𝑛 ) and the

period (𝑇𝑇) using elastic stiffness, post-elastic stiffness, and the effective stiffness of each type of
bearings are calculated. The 2DOF system has two characteristics phenomena; two natural
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frequencies, and two-mode shapes. The concept of computational matrix theory for the 2DOF
system i.e. the concepts of eigenvectors and eigenvalues are employed to determine the natural
frequencies and the mode shapes respectively. The 2DOF system is solved by hand calculations
and also verified by a simple MatLab routine.
The results shown in Table 3 demonstrate that the first modes of vibration (both masses
moving in the same direction) have larger periods in each case as expected. The period
drastically increases when the system shifts from elastic stiffness to the post-elastic stiffness
bands especially in the first mode of vibration. The period is very low in the second mode
(antagonistic direction of motion) as compared to the first mode in each case and does not
significantly change moving from elastic stiffness to the post-elastic stiffness phase. The results
also show that effective stiffness (𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 ) yields the frequencies and the periods numerically

comparable to the post-elastic stiffness. Therefore, this parameter is not applicable to analyze the
structure under seismic or other dynamic loadings where the bearing is expected to deform and
lose stiffness at the loading stage beyond yielding force (𝐹𝐹𝑦𝑦 ).

Table 3: Natural frequencies and period for different mode shapes of 2DOF system

Type

LP1

FB1

𝜔𝜔𝑛𝑛

𝑲𝑲𝒖𝒖

(rad/s)

𝑇𝑇

(s)

Mode 1

7.88

Mode 2

𝜔𝜔𝑛𝑛

𝑲𝑲𝒅𝒅

(rad/s)

𝑇𝑇

(s)

(rad/s)

(s)

0.7972

2.63

2.3841

2.85

2.2024

49.49

0.1262

47.08

0.1334

47.14

0.1333

Mode 1

10.08

0.6232

3.51

1.7882

3.97

1.5818

Mode 2

52.15

0.1205

47.32

0.1382

47.47

0.1323

37

𝜔𝜔𝑛𝑛

𝑲𝑲𝒆𝒆𝒆𝒆𝒆𝒆

𝑇𝑇

The maximum acceleration in the transverse direction from the time history is
64.41 𝑖𝑖𝑖𝑖/𝑠𝑠 2 . This maximum ground acceleration when multiplied by the product of mass gives
the response to the earthquake loading (Duhamel integral). The displacements of each mass in

the 2DOF system can be conveniently calculated using the natural frequencies and the effective
earthquake forces. The horizontal forces, which are the effective inertial forces as a result of two
different modal contributions, being acted at the center of masses of the superstructure and the
pier (cap and columns) are 392.2 kips and 97.77 kips respectively. The deflections when two
different kinds of bearings have been used are shown in Table 4.
Table 4: Maximum deflection at peak pseudo-acceleration
LP1

𝑚𝑚1

𝑚𝑚2

FB1

𝑢𝑢1𝑢𝑢

(in)

𝑢𝑢2𝑑𝑑

(in)

𝑢𝑢1𝑢𝑢

(in)

𝑢𝑢2𝑑𝑑

0.029

0.029

0.029

0.029

1.03

9.27

0.63

5.22

(in)

The isolation of the superstructure and the substructure due to the introduction of the
isolation bearing (both LP1 and FB1) is evident from the displacement values of the center of
masses. The use of both bearings limits the deflection of the pier to 0.029 in in horizontal
direction. The displacement of the superstructure is dependent on the elastic and post-elastic
stiffness values of each bearing. In the elastic stiffness range of LP1 and FB1 bearings, the
maximum horizontal displacements of the superstructure are 1.03 in and 0.63 in respectively.
After exceeding the elastic stiffness limit, these displacements significantly increase to 9.27 in
and 5.22 in. The higher value of post elastic stiffness in FB1 limits the horizontal displacement
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within the acceptable range. Even if the decoupling of superstructure and substructure under
seismic isolation is desirable to allow the deformation of the superstructure over sub-structural
elements, it is expected to limit the horizontal displacement to avoid the pounding of the large
super structural decks in the longitudinal direction or falling off in the transverse direction.
3.2. Equivalent SDOF solution neglecting bearings
The system is then analyzed as a single degree of freedom (SDOF) system with total
mass lumped at the centroid of the pier cap without accounting for the stiffness provided by any
of the bearings. This system without bearings can be treated as a fixed system (FS) which is
similar to an inverted oscillator under simple harmonic motion. The stiffness of the two columns
is high, and there is no energy dissipation mechanism available without the presence of bearings.
The maximum displacement of this fixed system (FS) is calculated to 0.15 in the horizontal
direction which is large as compared to the 0.029 in the displacement of the pier in an isolated
system (IS).
Table 5: Maximum deflection without any functional bearings (SDOF)
𝑀𝑀

(𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑠𝑠 2 /𝑖𝑖𝑖𝑖)
7.61

𝑃𝑃

(𝑘𝑘𝑘𝑘𝑘𝑘)

489.97

𝐾𝐾

(𝑘𝑘𝑘𝑘𝑝𝑝/𝑖𝑖𝑖𝑖)
3322.98

𝑢𝑢

(𝑖𝑖𝑖𝑖)

0.15

𝜔𝜔𝑛𝑛

(𝑟𝑟𝑟𝑟𝑟𝑟/𝑠𝑠)
20.90

3.3. Linear Elastic Analysis: Comparison based on Demand-to-Capacity (D/C) ratios
This force-based approach also requires the evaluation of the strength capabilities such as
shear and moment capabilities in the critical elements of the structure. The preliminary analysis
is a linear elastic analysis of the two-column bent pier. The AASHTO LRFD Section 5.7
provisions, the resistance factors, and the axial-flexural capacity interaction diagrams are the
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guides used in computing the nominal flexural strength in the bending axis. Similarly, the
nominal shear capacity of each column in the pier is calculated using the provisions from
AASHTO LRFD design specification Section 5.8.3.3. The required or demand shear and flexural
strength are calculated based on the forces acting at the maximum displacement of the structure
and thus produced secondary effects.
The nominal capacities (subscripted n) computed using AASHTO guides, and the
required capacities (subscripted r) obtained by linear elastic analysis are presented in Table 6.
The D/C ratios of less than 1.0 ensure the safety of the structure without substantial damages.
Table 6: Demand-to-Capacity (D/C) ratios of the fixed system (FS) and isolated system (IS)
𝑉𝑉𝑛𝑛

𝑉𝑉𝑟𝑟

𝑀𝑀𝑛𝑛

𝑀𝑀𝑟𝑟

𝐷𝐷/𝐶𝐶

𝐷𝐷/𝐶𝐶

FS

(𝑘𝑘𝑖𝑖𝑖𝑖)

599.79

(𝑘𝑘𝑘𝑘𝑘𝑘)

489.97

(𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑓𝑓𝑓𝑓)
8846.97

(𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑓𝑓𝑓𝑓)
5267.18

(𝑆𝑆ℎ𝑒𝑒𝑒𝑒𝑒𝑒)
0.82

(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓)

LP1

599.79

97.77

8846.97

3845.24

0.16

0.43

FB1

599.79

97.77

8846.97

3051.19

0.16

0.34

0.60

The recently constructed bridge has been analyzed, therefore the D/C ratios are less than
1.0 in both shear and flexural strength capacities as expected. The results confirm that the
bearings are more effective in reducing the D/C capacities in both shear and flexure. In the
transverse direction, the use of both LP1 and FB1 isolators lowers the D/C ratio to 0.16 as
compared to the fixed system with a D/C ratio of 0.82. Also, the flexural D/C values are lowered
to 0.43 and 0.34 by the LP1 and the FB1 isolators from 0.60 in the fixed system. These results
from the linear elastic analysis demonstrating the reduction in the D/C ratios with the usage of
bearings as isolation devices confirm the simplified procedure to evaluate seismic vulnerabilities
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CHAPTER IV
FIXED BASE FRAME ANALYSIS OF TWO-COLUMN PIER
4.1.Static Pushover Analysis
The non-linear pushover analysis is performed to estimate the sequence and the pattern of
plastic hinge formation, and evaluate the hinge status. The pushover analysis in SAP2000
involves the sequential steps: definition of lateral loads, the definition of hinge properties, and
assignment of hinges, analysis, checking pushover curve, and target displacement, and checking
hinge status for global and local deformation. The AASHTO LRFD seismic bridge design
specification Section 4 and Section 5 are used to develop the model for pushover analysis. The
cap beam is defined as a rigid beam element that does not allow the formation of any hinges. The
translational displacements of four joints 17 and 18 at the base columns, and joints 40 and 47 at
the top of the columns in the horizontal direction (U1) are monitored to allow a maximum
magnitude of 5.22 in. The lateral non-linear load case (PUSHx) is defined and then assigned at
Joint 40 and Joint 47 with a magnitude of 0.5 kips at each joint. The hinges are defined as ‘auto
hinge type’ ASCE 41-13 Table 10-8 (concrete columns) with P-M2-M3 degree of freedom. The
flexure/shear failure condition is selected.
The hinges are assigned at an offset location of 30 in from the joints. The auto hinges
assigned at Joint 17, Joint 18, Joint 40, and Joint 47 are 15H1, 16H1, 15H2, and 16H2
respectively as shown in Figure 18: 2D pier model for pushover analysis: (a) Joint ID and (b)
Hinge assignments. The model is then allowed to run the Gravity and PUSHx load cases. The
hinge formation sequence and pattern were checked until the ‘collapse
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prevention (CP)’ hinge status was displayed. The linear response under the lateral force is
observed at top of columns in both the hinges 15H2 and 16H2 up to Step 7, and also at the
bottom of the columns in the hinges 15H1 and 16H1 up to Step 8. The non-linear ‘CP’ hinges are
formed at Step 9 at the top of the columns.

(b) Column Plastic Hinge Location

(a) Joint ID

Figure 18: 2D pier model for pushover analysis: (a) Joint ID and (b) Hinge assignments

(a) Step 7: Initiation of
Inelastic Response at top of
columns

(b) Step 8: In Initiation of
Inelastic Response bottom of
columns

(c) Step 9: Initiation of Nonlinear ‘Collapse Prevention
(CP)’ hinge at the top

Figure 19: Hinges formation at different steps of pushover analysis
The response is linear until the hinge starts the form at the top of the pier at (step 7) and
the bottom of the pier (step 8). The response follows the non-linear path until the fully plastic
hinges are formed at step 55. The results and plots for all the four hinges in the linear response
are displayed in Figure 20. The moments (M2) in both Hinges 15H1and 16H1 are 8855.54 kip-ft
at Steps 7 and 8. The moments (M2) at Step 7 in the Hinges 15H2 and 16H2 are -8657.65 kip-ft.
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The maximum moment at the location of 15H2 (30 in from Joint 17) is 8651.36 kip-ft, which is
established to be the maximum moment capacity of the column from the pushover analysis.

(a) 15H2

(b) 16H2

(c) 15H1

(d) 16H1

Figure 20: Hinges data and results at Step 7 of pushover analysis
The pushover curve is evaluated at Step 7 to get the maximum base shear (𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 ) and

maximum horizontal displacement in the linear zone (𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚 ) as shown in Table 7: Maximum

base shear, moment, and deflection .
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Table 7: Maximum base shear, moment, and deflection at different hinge stage
First Yield
𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏
(𝑘𝑘𝑘𝑘𝑘𝑘)

2497.73

𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚

(𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑓𝑓𝑓𝑓)
8651.36

Fully- plastic
u𝑦𝑦

𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

0.365

2681.95

(𝑘𝑘𝑘𝑘𝑘𝑘)

(𝑖𝑖𝑖𝑖)

𝑀𝑀𝑝𝑝

(𝑘𝑘𝑘𝑘𝑘𝑘 − 𝑓𝑓𝑓𝑓)
9725.04

u𝑝𝑝

(𝑖𝑖𝑖𝑖)

2.82

The pushover curve showing the base shear at different displacements is shown in Figure
21.

Figure 21: Pushover curve for displacement monitored analysis
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Figure 22: Base shear and capacity spectrum plot
Figure 22 shows the comparison of the capacity curve (green) with the demand spectrum
(red).
The blue line represents the single demand spectrum with variable damping. The
comparison shows that the capacity curve is significantly greater than the demand spectrum
based on the response spectra. The performance point is the intersection point of the demand and
the capacity curve. The pushover analysis is used to predict the potential weak areas of the
structure estimating the strength capacity up to the post-elastic or ultimate limit and tracking the
progressive damages through hinge formation. The formation of hinges under displacementcontrolled pushover analysis estimates the high flexural or shear displacements that are expected
to crack or yield at high intensity. The assessment of the hinge formation at the performance
point shows that there is no local deformation. Therefore, the flexural or shear displacement
value of the top of the column at the initial stage of hinge formation is compared against the
displacements in further dynamic analyses.
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4.2.Non-linear Time History Analysis
The dynamic analysis is performed to evaluate the time histories of the deck
displacement and the pier cap displacement in the transverse direction. These relative
displacements have been analyzed under different linking conditions between the superstructure
and the substructure.

Figure 23: Ground acceleration time history scaled to MCE spectrum
The time history function for the Maximum Considered Earthquake (MCE) dominated by
the motions in the transverse direction (1.0𝐸𝐸𝑄𝑄𝑥𝑥 + 0.3𝐸𝐸𝑄𝑄𝑦𝑦 ) under the site-specific conditions is

shown in Figure 23. All the seismic design parameters are calculated using the ASCE 7-16

Seismic Hazard tool, and the corresponding site-specific response spectrum for damping of 5% is
shown in Figure 24.
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Figure 24: Site-specific response spectrum curve
The three different load cases are defined for the 2D model of the SAP2000 model:
modal case, dead load case, and time history load case. As the superstructure is linked to the
substructure using joint link elements, the dead load being applied should be defined as the nonlinear time-history load. A ramp function with a ramp time of 5 seconds and an amplitude of 1
unit is defined. The slow ramp function is set as a time-history function to apply the dead load as
dynamic load with high modal damping of 99% to limit the dynamic excitation of the system.
The modal load case is modified to generate a maximum of 20 modes starting with the
acceleration in x-direction as load vector. The dead load pattern and the built-in deformation
modes for the joint links are also added in this load case. The fast non-linear analysis (FNA) load
case is set up to start after the dead load case. The scaled MCE time history record in the
transverse direction is the load applied in this load case. The time step data are defined to get the
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response for 40 seconds with the time steps size 0.001 second. The modal damping constant in
this case is chosen as 5%.
The first analysis is run as a fixed system (FS) with a rigid link between the
superstructure and the substructure at the position of the bearings. The relative displacements and
the accelerations of both the deck and the pier cap overlap as shown in the plot functions in
Figure 25.

Figure 25: Displacement and pseudo-acceleration (PSA) plots in FS
The maximum displacements of the pier cap and the deck in the horizontal direction are
0.216 in and 0.217 in respectively. The displacement at the top of the column is equal to that of
the pier cap as these are modeled as rigid elements. The maximum value of displacement from
FNA does not exceed the displacement limit of 0.365 at the beginning of the hinge formation as
observed in pushover analysis.
The response curve for the pseudo spectral accelerations at various levels of damping is
shown in Figure 26. The graph shows that increasing the damping decreases the PSA at Joint 40
which is at the top of the column.
48

Figure 26: Response spectrum curve for the displacement of Joint 40 in FS
4.3. Influence of bearings in the isolation system
The bearing properties for two types of bearings are defined in the Link/Support Property
command in SAP2000. The bearings are drawn as one joint link element as the multilinear
plastic-type. The bearings are assumed to have a kinematic hysteresis curve obtained by plotting
multilinear force-deformation values. The hysteresis sketch and the multilinear forcedeformation parameters for the LP1 bearings are shown in Figure 27. Similarly, the parameters
are defined for the FB1 in the separate model.
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Figure 27: Definition of multi-linear plastic link: LP1
All three load cases are run after assigning the joint link as LP1 and FB1 successively at
the location of bearings in the pier-cap beam element. The deformed shapes under the timehistory load case are displayed at multiple time steps; the table for the relative displacements of
the Joints is taken as output to obtain the maximum values of displacements at Joint 4 (in the
superstructure) and Joint 47 (top of the right column). The displacement plots of relative joint
displacement vs. time-period of loadings in both cases with LP1 and FB1 demonstrate that the
superstructure is isolated from the substructure as shown in Figure 28 and Figure 29
respectively.
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Figure 28: Relative displacement plots for Joint 4 and Joint 47 in LP1
The joint displacement in the deck (Joint 4) is greater than the joint displacement at top of
the right column (Joint 47) as expected in isolated systems (IS).

Figure 29: Relative displacement plots for Joint 4 and Joint 47 in FB1
The relative joint displacements in each scenario of link assignments are tabulated in
Table 8. The relative displacements decrease at Joint 47 (top of the column) and increase at Joint
4 (deck) as compared to the FS case with the application of both LP1 and FB1 in the system. The
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relative joint displacement decreases to 0.011 in in FB1 system as compared to 0.075 in Joint 47.
And, the relative joint displacements in the deck (Joint 4) increases from 0.213 in LP1case to
2.701 in in FB1 case. These values of relative displacements confirm that the FB1 allows the
displacements of the superstructure more than that of the LP1 system, and this horizontal
displacement is still in the range of maximum allowable displacement in the bridge system. The
lower value of horizontal displacement at the top of the column ensures the risks of damages in
the sub-structural system. The ductility demand (𝜇𝜇𝐷𝐷 < 6.0) for a two-column pier has been

calculated for each case according to the AASHTO provision. The ductility demand (𝜇𝜇𝐷𝐷 )

decreases by 23.89% while using LP1. Similarly, it decreases by 35.22% while using FB1.
Table 8: Relative displacement in a column under time history analysis
u47

0.216

(𝑖𝑖𝑖𝑖)

(pier)

FS

(𝑖𝑖𝑖𝑖)

u4

𝜇𝜇𝐷𝐷

0.217

LP1

0.075

FB1

0.011

𝑇𝑇1

𝜔𝜔1

1.59

(𝑠𝑠)

0.22

(𝑟𝑟𝑟𝑟𝑟𝑟/𝑠𝑠)

0.231

1.21

0.27

22.54

2.701

1.03

0.25

24.19

27.97

As all of the values of the joint displacements in the columns are smaller than the critical
value obtained from pushover analysis and the joint displacements in the deck are smaller than
the maximum allowable due to bridge system constraints, the time history analyses confirm the
effectiveness of bearings as isolation devices in this bridge model. The time-history analyses
have only been performed for the force-based displacement capabilities, and the strength
capabilities have not been investigated.

52

CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
5.1. Summary and Conclusions
The 2DOF model of the bridge is first analyzed without any forcing function to get the
dynamic characteristics. The dynamic properties of the undamped 2DOF system: the natural
period (𝜔𝜔𝑛𝑛 ) and the period (𝑇𝑇) are calculated using elastic stiffness, post-elastic stiffness, and the

effective stiffness of each type of bearings. The displacements of each mass in the 2DOF system
can be conveniently calculated using the natural frequencies and the effective earthquake forces
(Duhamel integral). The isolation of the superstructure and the substructure due to the

introduction of the isolation bearing (both LP1 and FB1) is evident from the displacement values
of the center of masses. The system is then analyzed as a single degree of freedom (SDOF)
system with total mass lumped at the centroid of the pier cap without accounting for the stiffness
provided by any of the bearings. The maximum displacement of this fixed system (FS) is
calculated to 0.15 in the horizontal direction which is large as compared to the 0.029 in the
displacement of the pier in an isolated system (IS).
The non-linear pushover analysis is performed to estimate the sequence and the pattern of
plastic hinge formation, and evaluate the hinges status. The inelastic linear response under the
lateral force is observed first at top of columns in both the hinges 15H2 and 16H2 at Step 7, and
also at the bottom of the columns in the hinges 15H1 and 16H1 at next Step 8. The non-linear
‘CP’ hinges are formed at Step 9 at the top of the columns.
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The pushover curve is evaluated at Step 7 to get the maximum base shear (𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 =

2144.85 𝑘𝑘𝑘𝑘𝑘𝑘) and maximum horizontal displacement (𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚 = 0.313 𝑖𝑖𝑖𝑖). The assessment of the
hinge formation at the performance point shows that there is no local deformation. The dynamic
analysis is performed to evaluate the time histories of the deck displacement and the pier cap
displacement in the transverse direction. The fast non-linear analysis (FNA) load case is set up to
start after the dead load case. The displacement plots of relative joint displacement vs. timeperiod of loadings in both cases with LP1 and FB1 demonstrate that the superstructure is isolated
from the substructure. These values of relative displacements confirm that the FB1 (2.701 in)
allows the displacements of superstructure more than that of the LP1 (0.231 in) system, and this
horizontal displacement is still in the range of maximum allowable displacement (5.22 in) in the
bridge system.
5.2. Recommendation for Future Work
The scope of this work is limited to the analysis of one pier out of three piers supporting
the 780 ft long girders. These static and dynamic analyses provide quick results on the
effectiveness of different types of bearings as isolation devices. However, the following
recommendations are made for more accurate and reliable analyses to design or analyze the
isolation system in newly planned bridges or the bridges that require retrofitting.
1. Instead of modeling the fixed-base of columns; use the soil-structure interaction (SSI)
approach
2. Account for the eccentricity of the bearings based on their attachment in the pier cap, and
analyze the deformations in the link elements representing the bearings
3. Incorporate the deck stiffness in the transverse direction
4. Evaluate the strength capabilities, not merely the displacement capabilities.
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A1. MDOT Relevant Bridge Drawings

61

A1.1. Overall Bridge and Elevation

Image A 1: Location and Project Outline of Little Tallahatchie River Bridge

62
Image A 2: Beginning of 780 ft steel-girder supported over Piers 5, 6 and 7

63
Image A 3: End of 780 ft steel-girder supported over Piers 7 and 8

64

A1.2. Pier Details

Image A 4: Dimensions and details of Bent No. 7

65
Image A 5: Cross-sectional details of Bent 7

66
Image A 6: Plan view and reinforcement distribution in Bent 7

67
Image A 7: Dimensions and reinforcements in columns in Bent 7

68

A1.3. Span Details

Image A 8: Typical sections of cross frames in the transverse direction of 780 ft girder

69
Image A 9: Typical sections of cross frames in the transverse direction of 780 ft girder

70
Image A 10: Beginning of span details

71
Image A 11: End of span details

72
Image A 12: Bracing locations and dimension detailing in the span

73
Image A 13: Bracing locations and dimension detailing in the span

74

A1.4. Bearing Details

Image A 14: Disc bearings details

75
Image A 15: Neoprene pad details

76
Image A 16: Bearings locations, assembly, and design data

77

A1.5. Barrier and Railing Details

Image A 17: Barrier details

A2. Annotated Excel and MatLab Calculations
Crossframe "B1"

Crossframe "A"

6

Number

Unit Wt
490
pcf

Elements

Numbers Dimensions
Length
Width
Thickness Area
Volume Linear Wt Wt/ele
in
in
in
in^2
in^3
lb/ft
lb
Gusset Plates I
5.00
18.00
16.00
0.50
288.00
144
40.83
Gusset Plates II
4.00
22.00
7.00
0.50
154.00
77
21.83
4.00
10.00
10.00
0.50
100.00
50
14.18
Gusset Plates III
W12x40
2.00
106.00
40
353.33
L5x5x1/2
4.00
88.00
0.50
16.2
118.80
15
143.75
2.00
115.00
WT5x15
102.00
0.63
P5/8x8
4.00
8
68.00
Holes not deducted/bolts not added
Total Weight=

Unit Wt
490
pcf

Elements

Total Wt
lb
204.1667
87.33796
56.71296
706.6667
475.2
287.5
272
2089.584

Numbers Dimensions
Length
Width
Thickness Area
Volume Linear Wt Wt/ele
Total Wt
in
in
in
in^2
in^3
lb/ft
lb
lb
Gusset Plates I
8.00
18.00
16.00
0.50
288.00
144
40.83
326.67
Gusset Plates II
2.00
10.00
7.00
0.50
70.00
35
9.92
19.85
L5x5x1/2
4.00
88.00
0.50
16.2
118.80
475.20
WT5x15
4.00
99.00
15
123.75
495.00
P5/8x8
4.00
102.00
0.63
8
68.00
272.00
1588.72
Holes not deducted/bolts not added
Total Weight=

28.60 kip

12.54 kip
Crossframe "C"

Crossframe "B2"
Number

18

14

Number

Unit Wt
490
pcf

Elements

1

Elements

Unit Wt
490
pcf
Numbers

78

Number

Dimensions
Weight
Length
Width
Thickness Area
Volume Linear Wt Wt/ele
in
in
in
in^2
in^3
lb/ft
lb
18.00
16.00
0.50
288.00
144
40.83
22.00
7.00
0.50
154.00
77
21.83
10.00
10.00
0.50
100.00
50
14.18
106.00
53
468.17
83.50
0.50
16.2
112.73
115.00
15
143.75
102.00
1.25
11.625
98.81

Numbers Dimensions
Length
Width
Thickness Area
Volume Linear Wt Wt/ele
Total Wt
in
in
in
in^2
in^3
lb/ft
lb
lb
Gusset Plates I
8.00
23.00
25.00
0.50
575.00
287.5
81.52
652.20
Gusset Plates II
4.00
8.00
10.00
0.50
80.00
40
11.34
45.37
WT7x37
4.00
106.25
37
327.62 1310.47
WT5x15
4.00
87.00
15
108.75
435.00
P1-1/4x11-5/8
5.00
102.00
1.25
11.625
98.81
494.06
2937.10
Holes not deducted/bolts not added

Holes not deducted/bolts not added

Total Weight=

Total Weight=

41.12 kip

Gusset Plates I
Gusset Plates II
Gusset Plates III
W12x53
L5x5x1/2
WT5x15
P1-1/4x11-5/8

5.00
4.00
4.00
2.00
4.00
2.00
4.00

2.42 kip

Image A 18: Weight calculations from cross-frames

Total Wt
lb
204.1667
87.33796
56.71296
936.3333
450.9
287.5
395.25
2418.201

Lateral Bracings
Element Numbers Unit Wt Length
Total Wt
WT8x33.5
44
33.5
22.3 32850.51
32.85
lb/ft
ft
lb
kip
"Girders"
Length

Weight of

102

width
in

Volume Unit wt
Bottom Flange
Top Flange
CS Area
Total Wt
depth
width
depth
in
in
in
in^2
ft^2
ft^3
pcf
lb
kip
plf
24
1.5
24
1.25 136.125 0.945313 737.3438
490 361298.4
361.30
463.20

5 girders is

"Barriers"
Number Length
37
ft

20

1806.5 kips.
903.25 tonnes.

Unit wt Wt/barrier Wt/side Total wt Linear wt
CS Area
Volume
281.33
1.954
39.07
150
5861.1
216.86
433.72
293.1
in^2
ft^2
ft^3
pcf
lb
kip
kip
plf

Longitudinal Reinforcement
#bar
d_b
As
In CS
11
0.5 0.19635
in
in^2
in^2
Bar R (#4 @ 7")
Length CS Spacing
68.46
in
in
Bar D included in slab wt

7

79

ft

Web
width
depth
in
in
780
0.6875

2.16

Volume/side Unit Wt
19179.42
490
in^3
pcf
lb

Wt/side
Wt/barrier
147.0
7.35
5.44
plf
kip

#/barrier Vol/barrier Vol/side
Wt/side
Wt/barrier
35
470.48
10.07
133.41
6.67
4.94
in^2
ft^3
lb
plf
kip

Total weight of Barriers (both sides)
454.47
614.2 plf
kip
454.47 kip

Image A 19: Weight calculations from lateral bracings, girders, and barriers

Deck

Slab thickness Width
Length
Volume Unit wt
Weight
0.708
46.83 780.000 25875.42
150 3881313 3881.313
ft
ft
ft
ft^3
pcf
lb
kip
klf
Reinforcement

Top

Bottom

Top

Bottom

Unit wt

#4 bars
#6
n#6
#5 bars

#4 bars
#6
n#6
#5 bars

490 pcf

5747.25

3349.00

3349.00

240 ft
3238.50

59.17

33.42

33.42

32.17

2697.33
40.00
50.00
39.67

2839.00
42.58
50.00
42.17

3238.50
47.58
50.00
32.17

3238.50
47.58
50.00
32.17

2839.00
42.58
50.00
42.17

4.98

Total Length
Area
ft
in^2
ft^2
2697.33
24458.58
0.1963 0.001364
40.00
6508.33
0.4418 0.003068
50.00
38.67
271.17
0.3068 0.002131

Volume
ft^3
33.35022
19.96732

Wt
Total Wt
lb
kip
16341.61
16.34
9783.985
9.78

0.577728 283.0869

0.28

31238.08

0.006562 53.89526 26408.68

26.41

150 ft
3238.50

3349.00

15362.33
6508.33

0.1963 0.001364 20.94713 10264.09
0.4418 0.003068 19.96732 9783.985

10.26
9.78

32.17

33.42

179.58

0.3068 0.002131 0.382607 187.4777

0.19

22050.25

41.29706 20235.56

20.24

52.82

40.47

Columns
Concrete
Length
ft

80

93.29 kips

Diameter Area
ft
ft
21.5
6

Reinforcement
Longitudinal Bar
Designation

Unit Weight

Number

#11
Spiral

Bar CF
Bar CM
Bar CB

Volume Unit Wt
Total Wt
ft^3
pcf
lb
kip
klf
28.27
607.90
150 91184.73
91.18

40

H
ft

8
13
8.5

Length
ft

p
in

4.24

490 pcf

Total Lengtd_b
Area
Volume
Wt
ft
in
in^2
ft^2
ft^3
lb
kip
29.5 1180.00
1.375 1.484893 0.010312 12.16788
5962.3

n
3
3
3

32
52
34

C
ft

6.0

Length
d_b (#6)
Volume
Wt
Area
ft
in
in^2
ft^2
ft^3
lb
kip
18.85
610.78
0.75 0.441786 0.003068
1.8738
918.18
18.85
992.51
0.75 0.441786 0.003068
3.0450 1492.05
18.85
648.95
0.75 0.441786 0.003068
1.9910
975.57
Total
3385.80

0.92
1.49
0.98
3.39

Image A 20: Weight calculations from deck and columns

Pier Cap
Concrete
Length
ft

46

Width
ft

7

Reinforcement

Designation
#4
#10
#6
#10
#10
A1(#6)
C1(#5)
A2(#6)
A3(#6)
A1(#6)
A2(#6)
A3(#6)
C1(#5)
A1(#6)
E1(#5)
H1(#5)
D1(#5)

Depth
ft

8

Volume
ft^3

Unit Wt
Total Wt
kip
klf
lb
pcf
2576
150 386400
386.4

8.4

Unit Wt
490 pcf
Number
12
12
22
12
12
10
5
12
12
11
12
12
5
10
12
12
22

Length
ft

9.5
45.333
45.667
45.667
45.667
25.167
28.667
20.500
21.667
25.167
20.500
21.667
28.667
25.167
17.333
19.083
17.083

Total Length d_b
Volume
Area
Wt
ft
in
in^2
ft^2
ft^3
lb
kip
114.00
0.5 0.19635 0.001364 0.155443
76.2 0.076167
544.00
1.25 1.227185 0.008522 4.636031
2271.7 2.271655
1004.67
0.75 0.441786 0.003068 3.082279
1510.3 1.510317
548.00
1.25 1.227185 0.008522 4.670119
2288.4 2.288358
548.00
0.75 0.441786 0.003068 1.681243
823.8 0.823809
251.67
0.75 0.441786 0.003068 0.772104
378.3 0.378331
143.33
0.625 0.306796 0.002131 0.305376
149.6 0.149634
246.00
0.75 0.441786 0.003068 0.754719
369.8 0.369812
260.00
0.75 0.441786 0.003068 0.79767
390.9 0.390858
276.83
0.75 0.441786 0.003068 0.849314
416.2 0.416164
246.00
0.75 0.441786 0.003068 0.754719
369.8 0.369812
260.00
0.75 0.441786 0.003068 0.79767
390.9 0.390858
143.33
0.625 0.306796 0.002131 0.305376
149.6 0.149634
251.67
0.75 0.441786 0.003068 0.772104
378.3 0.378331
208.00
0.625 0.306796 0.002131 0.44315
217.1 0.217144
229.00
0.625 0.306796 0.002131 0.487891
239.1 0.239067
375.83
0.625 0.306796 0.002131 0.800724
392.4 0.392355
10812.3 10.81231
plf
klf

Image A 21: Weight calculations from pier cap
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235.05
0.24

1 Exterior Girder
Slab
Slab Steel "240"
Slab Steel "150"
Barrier Concrete/side
Barrier Steel/side
Girder
Crossframe A
Crossframe B1
Crossframe B2
Crossframe C
Lateral Bracings

780

"ft"

270

kip
kip
klf (A-A)
3881.31
200.21
4.28
26.41
1.97
0.04
20.24
1.51
0.03
216.86
75.07
1.60
10.37
3.59
0.08
361.30
125.06
2.67
12.54
4.34
0.09
28.60
9.90
0.21
41.12
14.23
0.30
2.42
0.84
0.02
32.85
11.37
0.24
Total
448.09
9.57

A

1.5
5.48

1 Interior Girder

10.96

46.83

10.96
150

270

120
A

43.83

Slab
Slab Steel "240"
Slab Steel "150"
Girder
Crossframe A
Crossframe B1
Crossframe B2
Crossframe C
Lateral Bracings
Total

kip

314.37
3.09
2.37
125.06
4.34
9.90
14.23
0.84
11.37
485.57

klf (A-A)
6.71
0.07
0.05
2.67
0.09
0.21
0.30
0.02
0.24
10.37

Image A 22: Weight distribution in 270 ft long span supported by pier 7
ft
0.708333
8.729167
1
8

2074

kip-sec2/ft
73.07
35.22

20.74

12.34

39.9375
21.5

2.94

2.94

Image A 23: Mass distribution in the transverse direction
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Weight Distribution

G
ksi

L
in

0.175

K_H=

23

W
in

10

1st
in

0.25

t_r
2nd
in

3.5

3rd
in

0.25

total
in

Δ𝑚𝑚𝑚𝑚𝑚𝑚
Q_d1
Q_d2
5.22
39
115
in
kip
kip

4

10.0625 k/in

K_eff=
50.3125 k/in
(parallel)
Δ𝑦𝑦
F_max
K_d
K_u
F_y
262.63
42.84
428.41
0.10
43.33
kip
kip/in
kip/in
in
kip
FB
G
ksi

D
in

t_r
in

A
in^2
6.25 706.8583

0.175
30
K_H=
19.79 k/in
K_eff=
98.96 k/in
Δ𝑦𝑦
F_max
K_d
K_u
F_y
516.57
76.93
769.30
0.17
127.78
kip
kip/in
kip/in
in
kip

D

6

ft

L

I_g
I_eff
E
k_column k_eff
Image
A 24:
Calculations
for bearings stiffness
21.5 1319167 659583.7
3605 1661.49 3322.98
in^4
in^4
ksi
k/in
k/in

ft

Image A 25: Calculations for column stiffness
beta

V_c
kip

2

18.99

theta

V_s
kip

45

b_v
in

72

d_v
in

66

f'c
psi

4000

A_v
in^2

0.44

s

3

in

fy
ksi

60

580.8

V_n
V_n
M_n
599.79
4752 8846.966
kip
kip

Image A 26: Shear and moment calculations based on AASHTO C5.8.2.9
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MatLab Code for solving 2DOF mass-spring system:
clc;
clear all;
%Enter M and K
M1=18.22/12; %Unit: k-s^2/in
M2=73.07/12;
K1=3322.98; %Unit: k/in
K2=98.96;
%Mass and Stiffness matrices
M=[M1 0;
0 M2];
K=[K1+K2 -K2;
-K2 K2];
fprintf('The Mass Matrix is\n')
disp(M)
fprintf('The Stiffness Matrix is\n')
disp(K)
%Eigenvalue and eigenvector calculations
[v,d]=eig(K,M);
w=sqrt(d);
%natural frequency and time period
fprintf('The natural frequencies are (rad/s)\n')
w1=w(1,1);
w2=w(2,2);
disp([w1;w2])
fprintf('The natural time period are (s)\n')
T1=(2*pi)/w(1,1);
T2=(2*pi)/w(2,2);
disp([T1;T2])
%normalization of mode shape vectors
for i=1:2
v(:,i)=v(:,i)/v(2,i);
end
%Modal shape Matrix
fprintf('The normalized modal matrix is \n')
disp(v);
%Mode shapes plots
H=[0;248.88;422.64];
for i=1:2
subplot(1,2,i)
plot([0;v(:,i)],H);
ylabel('Location of center of masses (in)','FontSize',12);
title(['Mode Shape',num2str(i)],'FontSize',18)
end
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A3. Seismic Design Data and Tools

Image A27: Seismic design parameters obtained from ASCE 7-16 Hazard tool
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Image A 28: Time history in transverse direction scaled for the location of MS7 Bridge (PGA
0.246g)

Image A 29: Time history at the location of Goodman Rd Bridge (PGA 0.35g)

86

A4. AASHTO Provisions
Table 9: Soil Profiles for seismic analysis (AASHTO Table 3.10.3.1-1)

Table 10: Operational Classification of bridges (AASHTO A3.10.5, C3.10.5)

Table 11: Seismic Performance Zone based upon AASHTO Table 3.10.6-1

Table 12: Response Modification Factors—Substructures (AASHTO Table 3.10.7.1-1)

Table 13: Minimum Analysis Requirements for Seismic Effects (AASHTO Table 4.7.4.3.1)
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The Load and Resistance Factor Design (LRFD) approach accounts for the variability in the
loads on structure (𝑄𝑄) and the resistance (𝑅𝑅) offered by the structure. The statistically
determined load factors (𝛾𝛾) and resistance factors (𝜙𝜙) are used in the inequality equation to
ensure that the effect of the load is smaller than the total resistance.
𝜙𝜙𝑅𝑅𝑛𝑛 ≥ 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑜𝑜 ∑𝛾𝛾𝑖𝑖 𝑄𝑄𝑖𝑖

𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒, 𝜙𝜙 ≤ 1.0 𝑎𝑎𝑎𝑎𝑎𝑎 𝛾𝛾 ≥ 1.0

All the design limit states are expected to satisfy the following load and resistance inequality,
∑𝜂𝜂𝑖𝑖 𝛾𝛾𝑖𝑖 𝑄𝑄𝑖𝑖 ≤ 𝜙𝜙𝑅𝑅𝑛𝑛

𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒, 𝜂𝜂𝑖𝑖 𝑖𝑖𝑖𝑖 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

The load modifier factor (𝜂𝜂𝑖𝑖 ) incorporates the ductility factor (𝜂𝜂𝐷𝐷 ), redundancy factor (𝜂𝜂𝑅𝑅 ), and

operational importance factor (𝜂𝜂𝐼𝐼 ). The ductility and redundancy factor are related to the strength
of the bridge and the operational importance factor relates to the consequences after the damage
to the bridge.
For 𝛾𝛾𝑖𝑖 maximum,

For 𝛾𝛾𝑖𝑖 minimum,

𝜂𝜂𝑖𝑖 = 𝜂𝜂𝐷𝐷 𝜂𝜂𝑅𝑅 𝜂𝜂𝐼𝐼 ≥ 0.95

𝜂𝜂𝑖𝑖 = 1/𝜂𝜂𝐷𝐷 𝜂𝜂𝑅𝑅 𝜂𝜂𝐼𝐼 ≤ 1.0

The prescribed values of 𝜙𝜙, 𝜂𝜂𝐼𝐼 , 𝜂𝜂𝑅𝑅 & 𝜂𝜂𝐷𝐷 is 1.0 for all the non-strength limit-states.
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Table 14: Load Combinations and Load Factors (AASHTO -Table 3.4.1-1)

Image A 30: AASHTO provisions to determine effective dimensions of circular sections
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A5. SAP2000: Models and Output

Image A 31: Rectangular section defined for the superstructure to represent total weight

Image A 32: Cross-section defined for pier cap
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Image A 33: Circular cross-section including major defined for columns

Image A 34: The load from superstructure applied at the location of bearings in the fixed twocolumn frame
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Pushover Analysis

Image A 35: Hinges definition and assignment

Image A 36: Displacement controlled load case set up for pushover analysis
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Image A 37: Hinges data and results at fully plastic hinge state (Step 54) of pushover analysis
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Image A 38: Shear, moment, and deflection at the beginning of hinge formation in the right
column
Time History

Image A 39: Non-linear dead load pattern defined for time history analyses
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Image A 40: Modal load case defined for time history analyses

Image A 41: Non-linear time-history load case defined after dead load case
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